Jasmonates (JAs) are plant signal compounds and can induce many biochemical responses. In the current study, the effects of three concentrations of exogenous JAs plus control on the free amino acid (FAA) contents in needles of Larix olgensis Herry seedlings were investigated. Our results showed that the proportions of nine essential FAAs detected/identified in all treatments varied with concentrations of JAs. Total FAA contents in control needles fluctuated in an increasing-decreasing-increasing pattern within a 20-day period; however, a decreasing-increasing-decreasing pattern was observed in JAs-treated needles compared to their controls. They were significantly affected by the interactions of time, JAs type and JAs concentration. Furthermore, methyl jasmonate (MeJA) showed stronger treatment effect on total FAA contents than did cis-jasmone (cisJ) or jasmonic acid (JA). While total FAA contents were significantly influenced by 0.01 mM JA, 0.1 mM cisJ and 0.1 and 1 mM MeJA treatments compared to their corresponding controls. The results indicated that exogenous JAs might induce significant changes of the individual FAA ratios and total FAA contents in larch needles. This could be a potential factor influencing the preference and performance of pest insects that utilize L. olgensis as a host.
INTRODUCTION
Free amino acids (FAA, nonprotein-bound amino acids) play an especially important role in plant adaption to unfavorable environmental conditions (Kishor et al., 2005) , and have previously been involved in the resistance of cereals to aphids (Corcuera, 1993; Eleftherianos et al., 2006) . Then, the changes of FAAs content in plants could be induced by various factors. The UV irradiance, increasing temperature and ZnSO 4 increased the content of FAAs in needles of saplings (Cánovas et al., 2007) . Soil-grown tea plants supplied with different levels of *Corresponding author. E-mail: yanshanchun@126.com.
Abbreviations: Jas, Jasmonates; JA, jasmonic acid; MeJA, methyl jasmonate; cisJ, cis-jasmone; FAA, free amino acid; AA, amino acid; Ala, alanine; Arg, arginine; Asp, asparagine; Cys, cysteine; Glu, glutamine; Gly, glycine; His, histidine; Ile, isoleucine; Leu, leucine; Lys, lysine; Met, methionine; Phe, phenylalanine; Pro, proline; Ser, serine; Thr, threonine; Tyr, tyrosine; Val, valine. potassium (K) exhibited increased concentrations of FAA with K 2 SO 4 supply and decreased concentrations of FAA with the KCl supply in young shoots (Ruan et al., 2007) . Saltzmann et al. (2008) reported that the hessian fly (Mayetiola destructor Say)-infested susceptible wheat plants (Triticum aestivum L.) were more responses than resistant plants (T. aestivum) or uninfested controls, showing higher concentrations of alanine, glutamic acid, glycine, phenylalanine, proline, serine and the aromatic amino acids phenylalanine and tyrosine. Some species of aphids could alter the nutritional quality of host wheat plants by increasing the abundance of plant FAAs in phloem (Telang et al., 1999; Sandström et al., 2000; Eleftherianos et al., 2006) . FAA levels could be also affected by following inducible factors. Jasmonates (JAs) are important signaling molecules in plants (Halitschke and Baldwin, 2005; Howe, 2005) , which can induce many biochemical responses (Thaler et al., 2002) and activate host defense responses against a broad spectrum of herbivores (Thaler, 1999; Gols et al., 2003; Chen et al., 2005) . Jasmonic acid (JA) and its amino acid conjugates, particularly JA-isoleucine (JA-Ile), play important roles in plant-herbivore interactions (Wang et al., 2008) . JA-inducible proteins (JIPs), arginase and threonine deaminase (TD), strongly influence the midgut protein content of phytophagous insects, and might have a potential in plant protection against herbivores (Chen et al., 2005) . Larix olgensis Herry is one of the major tree species of natural and plantation forests in northeast of China, with characteristics of cold hardiness, drought resistance and fast growth. However, Larix spp. in Northern China is often seriously damaged by various insect pests, such as Dendrolimus superans Butler (Lepidoptera: Lasiocampidae). D. superans is a major pest in the northeastern forests of China, feeding mainly on larches and Korean pine, Pinus koraiensis Sieb. and Zucc. Mass outbreaks of the moth can degrade large stands of larch by slowing the growth of affected trees and may further result in significant tree mortality via sequential infestations of trunk borers (Xiao, 1992) . Up to now, chemical insecticides were the main control agent for D. superans, however, sustained use of insecticides has probably harmed non-target organisms, thereby threaten current forest ecosystems (Xiao, 1992; Gitahi et al., 2002) . Our overall objective of this paper was to study the potential effects of exogenous JAs on the FAA contents in the needles of L. olgensis Herry, and to discuss whether the changes of FAA contents in the larch needles affected on host preference and feeding performance of a major larch defoliator, D. superans.
The specific goals include answering the following questions: (1) after the larch seedlings are sprayed with the different concentrations of jasmonate (JA, MeJA and cisJ) solutions, how do the FAA levels in larch seedling needles fluctuate? (2) are there any different treatment effect on the FAA levels among the JAs? (3) which concentrations of JAs significantly affect the FAA levels in the larch needles?
MATERIALS AND METHODS

Larix olgensis seedlings
At the end of April in 2007, 2000 two-year-old larch seedlings were planted in the plastic barrels (high: 40 cm, diameter: 35 cm) of the seedling-raising net chamber at the Laoshan station of Mao'ershan Forestry Centre of Northeast Forestry University (45° 45′ N, 126° 38′ E), Heilongjiang province, China, respectively, and grown under natural light. Each seedling was planted in per barrel. The seedlings were watered and fertilized with nitrogenous, potassium, phosphorus fertilizer and micronutrients on June 4th, July 3rd and August 1st 2007, respectively.
Treatment of larch seedlings
On August 5th 2007, 900 healthy seedlings with similar size were selected and stochastically divided into 10 groups, with 90 seedlings in each group. Each solution of different concentrations of three jasmonate compounds (cisJ, MeJA and JA, Sigma Company, USA) including control with 0.1% acetone and distilled water was evenly sprayed onto 90 seedlings of the designated group with a 1 L hand sprayer, respectively (Table 1) . Each seedling received about 5 ml of the corresponding treatment solution [that is, 0.01~0.82 mg cisJ, 0.01~1.12 mg MeJA, 0.01~1.05 mg JA, or 0 mg cisJ, MeJA, and JA (control) per corresponding treatment seedling, respectively; such dosage ranges had not shown significant negative effects on the normal growth of larch seedlings], respectively. In order to get the same amount of solution on each seedling uniformly, before spraying, the 5 ml of treatment solution was further diluted to 30 ml with 0.1% acetone and distilled water (Lu et al., 2004; Heijari et al., 2005) .
Sampling of the seedling needles
About 1 g of larch needles from all branches of each seedling and the fifteen seedlings from each treatment/date in each group were sampled at the 1st, 3rd, 5th, 10th, 15th and 20th day after the spray application, respectively. The seedlings of each group were sampled for six times/dates. The seedlings from each treatment/date were consisted of three replicates and 5 seedlings were regarded as a replicate. The needles of each seedling were sampled only once and then the sampled seedlings were taken away for avoiding the effects of the mechanical damage to FAAs content in the needles. These sampled needles were ground in liquid nitrogen and kept frozen in order to determine the content of FAAs (Neves et al., 2002) .
Extraction and derivatization of FAAs
Approximately, 1 g of larch needles of each sampling unit was homogenized by mortar and pestle in the presence of 3 ml of water : chloroform : methanol (3 : 5 : 12, v / v) and were further diluted with another 3 ml of the same mixture and kept at 4°C for 24 h. After centrifugation (15 min, 12000 rpm, 4°C), the supernatant was collected. Chloroform (1.5 ml) and water (1 ml) were added, and the resulting mixture was centrifuged again. The upper water-methanol phase was collected, evaporated and dissolved in 1 ml of Milli-Q water. Then, 1 ml of supernatant filtered through a 0.45 μm filter (Millipore) was transferred to a clean autosampler vial for derivatization (Neves et al., 2002; Chen et al., 2005) . 20 μL of FAA extract of each sample was derivatized using Waters AccQ · Fluor Reagent Kit (according to Waters AccQ · Tag Chemistry Package Instruction Manual).
Analysis of the FAA content
The derivative samples were analyzed and identified by high performance liquid chromatography (HPLC, Waters 2695 Separations Module, Waters 2996 PDA Detector, Waters AccQ · Tag Amino Acid Analysis Column, American Waters Company). Mobile phase A was composed of the mixed-solution with Waters AccQ · Tag Eluent A Concentrate and Milli-Q water in 1:10 (V/V), and mobile phase B was 100% acetonitrile (Honeywell international Inc., Burdick and Jackson, USA), and then mobile phase C was Milli-Q water. All the mobile phases were filtered through a 0.45 μm filter and degasified. The on-line degasification with the high-purity helium gas was conducted when analyzing the samples (according to Waters AccQ · Tag Chemistry Package Instruction Manual). Some of the HPLC operation procedures/parameters for FAA analysis are shown in Table 2 . The column temperature was 30°C, and the wavelength of the ultraviolet detection ranged from 200 ~ 400 nm. The flow speed was 1 ml min -1 , and then the sampling volume was 10 μL per time. The components and contents of FAA samples were identified and quantified by comparison of retention times and peak areas with those of authentic standards (Waters Amino Acid Hydrolysate Standard, according to Waters AccQ · Tag Chemistry Package Instruction Manual).
Data analysis
The Microsoft Excel was used for data presentations in both table and figure formats. One-way ANOVA on the different concentrations of cisJ (MeJA or JA) and control, Univariate ANOVA on time, JAs types and concentrations of JAs were analyzed by SPSS13.0 followed by multiple comparisons of Tukey HSD.
RESULTS
Chromatogram of the 17 amino acid standards and the FAAs of four larch needle samples
The representative chromatogram of the 17 AA standards is shown in Figure 1 , in which the amount of cystine was 0.25 mM, whereas, the others were 0.5 mM each. Their retention time ranged from 18.281 ~ 35.358 min. The representative chromatograms of the FAAs from four larch needle samples taken at the 3rd day after the following treatments: water control, 0.1 mM cisJ, 0.1 mM MeJA and 0.1 mM JA are shown in Figure 2 .
Temporal variation of total FAA contents
According to Figure 3a , total FAA contents in the water control Larix needles fluctuated in an increasingdecreasing-increasing pattern, however, an opposite variation pattern, that is, decreasing-increasing-decreasing fluctuation was observed in needles cisJ treated. At 1st, 5th and 10th day after the treatment, the total needle FAA contents in the cisJ treatments were significantly higher than those of controls. While, at the 3rd, 15th and 20th day, all treatments were significantly lower than controls in their FAA contents except for the cisJ0.1-d15 and cisJ0.01-d20. At the 5th day after the treatment, there were no differences in FAA contents among the cisJ treatments. As shown in Figure 3b and 3c, the variations of total FAA contents in the larch needles treated with MeJA and JA were similar to those of cisJ treatments. At the 15th day after the treatment, total FAA contents in the needle samples treated with MeJA did not differ from that of controls, but were somewhat different among the MeJA treatments (Figure 3b) . However, there were no differences in total FAA contents among the JA treatments, but they were all significantly lower than control (Figure3c).
Univariate analysis of variance of total FAA contents
Based on the Multiple Comparisons of Tukey HSD of Univariate Analysis of Variance (n = 3), 0.1 mM cisJ, 0.1 and 1 mM MeJA, and 0.01 mM JA significantly increased total FAA contents in larch needles compared to other treatments (P < 0.05) (Figure 4a to c) . MeJA significantly increased total FAA contents in L. olgensis compared with JA and cisJ (P < 0.001) ( Figure 5) . While, the interactions between the different time and the different concentrations 
Comparative analysis of 9 essential FAA ratios
17 FAA components were detected/identified in the larch needles. Compared to the controls, the relative contents (that is, each FAA content accounts for the percentage of total FAAs contents) of each FAA in the treatment needles at different sampling dates and different concentrations were significantly different. However, they did not show the distinct tendencies in the changes in 9 FAAs according to the time and the concentrations of all treatment. Among these FAAs, relative contents of 9 essential FAAs, Arg, His, Ile, Leu, Lys, Met, Phe, Thr and Val ranged from 0.70 ~ 5.14%, 0.18 ~ 2.18%, 1.58 ~ 11.31%, 39.44 ~ 63.71%, 1.38 ~ 4.41%, 0.65 ~ 3.45%, 8.74 ~ 40.11%, 0.30 ~ 2.73% and 0.19 ~ 1.81%, respectively. Leu, Phe and Ile were three dominant essential FAAs, accounting for 78.14 ~ 91.08% of total FAA contents (Table 3 to 5). After the cisJ treatments, relative contents of Arg, Thr at the 1st and 10th day, Val, Met at the 5th and 15th day, Leu at the 5th day and Ile at the 15th day were significantly lower than those of their controls. However, relative contents of Ile, Met at the 1st, 3rd and 10th day, Lys at the 1st and 10th day, Val at the 1st and 3rd day, Phe at the 5th day and Leu at the 15th day were significantly higher than those of their controls (Table 3) cisJ treatment at the 1st and 5th day, Met, Thr at the 1st, 3rd and 15th day, Arg at the 5th and 15th day, and then relative contents of His, Lys in 1 mM cisJ treatment at the 3rd, 10th and 20th day, Met, Thr, Val at the 3rd and 20th day, Arg at the 1st, 3rd, 10th and 20th day, Phe at the 1st, 15th and 20th day were significantly higher than those of their corresponding others (Table 3) .
After the MeJA treatments, relative contents of Arg at the 1st, 5th and 10th day, Leu at the 5th, 10th and 20th day, Thr at the 3rd and 10th day, His at the 3rd and 5th day, Met, Val at the 5th day and Ile at the 15th day were significantly lower than those of their controls. However, relative contents of Ile, Lys, Val at the 1st, 3rd and 10th day, Met at the 1st and 15th day, Phe at the 5th and 15th day, Leu at the 15th day and Lys, Thr, Val at the 20th day were significantly higher than those of their controls (Table  4) . Among the three concentrations of the MeJA treatments, relative contents of Arg, His, Leu, Met, Phe, Val in 0.01 mM MeJA treatment at the 3rd day, Arg, Ile, Lys at the 5th day, Lys, Met at the 10th day, Met, Val at the 15th day, Ile, Leu at the 20th day, and then relative contents of Thr in 0.1 mM MeJA treatment at the 5th, 15th and 20th day, Ile at the 15th day, Arg, Val at the 20th day, and relative contents of Ile, Lys, Val in 1 mM MeJA treatment at the 1st day, His, Thr, Val at 10th day were significantly higher than those of their corresponding others (Table 4) . After the JA treatments, relative contents of Arg, Thr at the 1st and 10th day, Leu, His at the 1st, 5th day, Phe at the 3rd, 15th day, Leu at the 20th day and Ile at the 15th day were significantly lower than those of their controls. However, relative contents of Met at the 1st, 15th day, Phe at the 1st, 5th day, Thr at the 15th, 20th day, Arg, Leu, Lys at the 15th day and His at the 20th day were significantly higher than those of their controls (Table 5) .
Among the three concentrations of the JA treatments, relative contents of Arg, Val in 0.01 mM JA treatment at the 1st and 5th day, His, Ile at the 1st day, Ile, Met, Val at the 3rd day, and then relative contents of Lys, Thr in 0.1 mM JA treatment at the 1st and 5th day, His, Ile, Phe at the 5th day, and relative contents of His, Lys in 1 mM JA treatment at the 3rd, 10th and 20th day, Ile, Met at the 10th and 20th day, Arg at the 3rd and 20th day, Thr, Val at the 15th and 20th day and Thr at the 10th day were significantly higher than those of their corresponding others (Table 5) . DISCUSSION Effects of application of JAs on total FAA contents in needles of larch seedlings and on host preference and feeding performance of D. superans Our results showed that the variations of total FAA contents in the needles of JAs treated larch seedlings were significantly different from those of their controls. Total FAA contents of controls tended to fluctuate in an increasing-decreasing-increasing pattern during testing period. However, total FAA contents of the JAs treated seedlings showed opposite fluctuation patterns compared to their controls. Studies of Kim and Glerum (1995) showed that the concentrations of FAAs in the red pine (P. resinosa Ait.) and the white spruce [Picea glauca (Moench) Voss] needles exhibited seasonal fluctuations. Lee et al. (2011) found that the levels of FAAs were significantly increased only in August by girdling woody stems of Japanese larch tree (L. leptolepis) (42-year-old) potential role in the glassy-winged sharpshooter [GWSS, compared to the non-girdled trees. These results indicated that the levels of FAAs could be significantly affected by the JAs, girdling and season. Changes of the amino acids might play a Homalodisca vitripennis (Germar)] host selection (Bi et al., 2007) . Mean concentrations of the FAAs were 
